Nonenzymatic glycation is increased in diabetes and leads to elevated levels of advanced glycation end products (AGEs), which link hyperglycemia to the induction of insulin resistance. In hyperglycemic conditions, intracellularly formed ␣-ketoaldehydes, such as methylglyoxal, are an essential source of intracellular AGEs, and the abnormal accumulation of methylglyoxal is related to the development of diabetes complications in various tissues and organs. We have previously shown in skeletal muscle that AGEs induce insulin resistance at the level of metabolic responses. Therefore, it was important to extend our work to intermediates of the biosynthetic pathway leading to AGEs. Hence, we asked the question whether the reactive ␣-ketoaldehyde methylglyoxal has deleterious effects on insulin action similar to AGEs. We analyzed the impact of methylglyoxal on insulin-induced signaling in L6 muscle cells. We demonstrate that a short exposure to methylglyoxal induces an inhibition of insulin-stimulated phosphorylation of protein kinase B and extracellular-regulated kinase 1/2, without affecting insulin receptor tyrosine phosphorylation. Importantly, these deleterious effects of methylglyoxal are independent of reactive oxygen species produced by methylglyoxal but appear to be the direct consequence of an impairment of insulin-induced insulin receptor substrate-1 tyrosine phosphorylation subsequent to the binding of methylglyoxal to these proteins. Our data suggest that an increase in intracellular methylglyoxal content hampers a key molecule, thereby leading to inhibition of insulin-induced signaling. By such a mechanism, methylglyoxal may not only induce the debilitating complications of diabetes but may also contribute to the pathophysiology of diabetes in general.
I
nsulin plays a major role in regulating pathways leading to energy storage and to cellular proliferation and differentiation. Following insulin binding to its receptor, the receptor tyrosine kinase is activated, leading to the phosphorylation of several intracellular protein substrates. These rapid events generate multiple signaling cascades that eventuate in the final cellular responses to insulin (1, 2) . Insulin-activated signaling modules include the Ras/mitogen-activated protein kinase, the phosphatidylinositol-3 kinase (PI3K)/protein kinase B (PKB) and the protein kinase C (PKC) pathways (3, 4) . Resistance to insulin action is a common abnormality present in human disease situations such as diabetes and obesity. Insulin resistance associated with diabetes is thought to be genetically determined, but its occurrence is also clearly affected by environmental factors and processes secondary to diabetes itself (5) . These acquired and secondary factors further impair insulin action in the diabetic patient. Thus, chronic hyperglycemia leading to insulin resistance is the primary etiological factor in the pathogenesis of diabetic microvascular disease and is implicated in macrovascular complications (6, 7) . One possible mechanism of hyperglycemia-induced tissue damage in diabetes is the formation of advanced glycation end products (AGEs). Chronic hyperglycemia augments nonenzymatic reactivity between reducing glucose and free amino groups of proteins, leading to the irreversible formation of AGEs (7, 8) . Persistent intracellular hyperglycemia appears to constitute the initiating event in the formation of both intracellular and extracellular AGEs (9) , and a substantial amount of data indicate that glucose toxicity may be the consequence of increased formation of reactive ␣-ketoaldehydes such as 3-deoxyglucosone, glyoxal, and methylglyoxal (10) . Methylglyoxal, physiologically present in all biological systems, is formed by the enzymatic and nonenzymatic elimination of a phosphate from triose-phosphate glycolytic intermediates and by oxidation of aminoacetone formed in the catabolism of threonine (11) . Under physiological conditions, methylglyoxal is converted and detoxified by the glyoxalase system, which is present in the cytosol of all mammalian cells (12) . In insulin-resistant states, like obesity and type 2 diabetes, altered glucose metabolism may lead to increased formation of methylglyoxal and other ␣-ketoaldehydes. Indeed, the concentration of methylglyoxal in the plasma of diabetic patients is increased proportionally with the degree of hyperglycemia (13) . Further, in cultured endothelial cells, under hyperglycemic conditions, it has been demonstrated that methylglyoxal accumulates rapidly and constitutes the most important precursor in the nonenzymatic glycation of proteins to yield irreversible AGEs (14) . These modifications affect the properties of the proteins and thus alter intracellular events. Although methylglyoxal and its AGE counterparts have been linked to vascular complications of diabetes, it is currently unclear whether exposure to methylglyoxal induces changes in insulin action and at which step in the insulin-signaling pathways such putative modifications may occur. The aim of our present work is to identify which intracellular proteins, implicated in insulin signaling, are modified by an increase in intracellular methylglyoxal and to determine the consequences in the biological responses induced by insulin. To investigate such deleterious action of methylglyoxal, we analyzed the effects of methylglyoxal on insulin signaling in L6 muscle cells. We show that an increase in the intracellular methylglyoxal concentration induces an insulin-resistant state in L6 muscle cells by interfering with key insulin-signaling molecules.
Immunoblot analysis. After treatment with methylglyoxal in the absence or presence of inhibitors, the cells were washed with starvation medium and then exposed or not to 100 nmol/l insulin for 10 min in the absence or presence of inhibitors. Cells were scraped and solubilized for 20 min at 4°C with lysis buffer (50 mmol/l HEPES, 150 mmol/l NaCl, 10 mmol/l EDTA, 10 mmol/l Na 4 P 2 O 7 , 2 mmol/l sodium orthovanadate, 50 mmol/l NaF, 1% [vol/vol] Triton X-100, pH 7.4, containing 1 mmol/l 4-[2-aminoethyl]-benzenesulfonyl fluoride, 10 g/ml aprotinin, and 10 g/ml leupeptin). Whole-cell lysates were cleared by centrifugation at 12,000g for 15 min at 4°C and were either used directly or subjected to immunoprecipitation with antibodies to IRS-1. Proteins from whole-cell lysates or immunoprecipitates were separated on 7.5% SDS-PAGE, transferred to nitrocellulose, and blotted with various antibodies (as specified under RESULTS). After incubation with secondary antibody, blots were processed for enhanced chemiluminescence (Amersham Pharmacia Biotech), and bands were quantitated by densitometry using the ImageQuant 5.1 program. Assay for PI3K activity. PI3K assays were performed as previously reported (19) . Briefly, L6 myoblasts were deprived of serum for 4 h in the presence or absence of methylglyoxal and then exposed to 100 nmol/l insulin for 10 min. After insulin stimulation, the cells were solubilized for 20 min at 4°C in TAT buffer. After lysate clarification by centrifugation at 12,000g for 15 min at 4°C, aliquots of the lysates were subjected to immunoprecipitation with anti-IRS-1 antibodies coupled to protein A-Sepharose for 2 h at 4°C. PI3K activity was determined in immunoprecipitates. Cell fractionation and membrane isolation. L6 cells from 150-mm diameter Petri plates (Falcon) were treated and plasma membranes prepared as previously described (20) . Briefly, after homogenization with a Dounce homogenizer, a 1,000g centrifugation to remove unbroken cells and nuclei was performed. The microsomal and cytosolic fractions were separated by centrifugation of the postnuclear supernatant at 27,000g for 30 min at 4°C. Measurement of reactive oxygen species production. Intracellular production of reactive oxygen species (ROS) was measured by CM-DCF fluorescence as described (21) . Cells were treated with methylglyoxal for various lengths of time at the concentrations indicated, in the absence or presence of 200 mol/l of the antioxidant pyrrolidonedithiocarbamate (PDTC), and then exposed to 50 mol/l CM-DCF in PBS for 45 min. Cells were washed three times with PBS, swelled in H 2 O, and sonicated. The fluorescence was determined at 488/525 nm, normalized on a protein basis, and expressed as a percentage of the control. Derivatization of free amino groups on IRS-1. After preincubation of L6 cells with 5 mmol/l methylglyoxal, in absence or presence of inhibitors for 30 min, IRS proteins were immunoprecipitated, and the free amino group content was evaluated by use of amine-reactive probe 0.5 mol/l [ 3 H]SP in borate buffer, pH 8.5, as previously described (22) . Immunoprecipitates were washed three times in borate buffer and boiled in 4 ϫ Laemmli buffer. IRS proteins were resolved by SDS-PAGE, the higher part of polyacrylamide gel, containing IRS proteins, was recovered, and the radioactivity was counted by liquid scintillation. Statistical analysis. Results are expressed as means Ϯ SD, and statistical analysis was performed using the Student's t test with a statistical significance of at least P Ͻ 0.05.
RESULTS

Incorporation of [2-
14 C]methylglyoxal into L6 cells. To determine the possible effects of an increase in intracellular methylglyoxal concentrations on insulin action, the incorporation of methylglyoxal into L6 cells was measured after addition of various concentrations of [2- 14 C]methylglyoxal to the culture medium. The results obtained suggest that only 3.1 Ϯ 0.39%, which corresponds to ϳ100 mol/l of the 2.5 mmol/l of the methylglyoxal added to the conditioned medium, was incorporated into the cells and may eventually be involved in generation of intracellular effects in L6 cells (Fig. 1) . Indeed, under the conditions used, no radioactivity was detected in the final wash buffer, indicating that the radioactivity observed associated with the cells is not the consequence of a contamination by free radioactivity. Similar observations have been reported concerning the incorporation of radiolabeled methylglyoxal into rat aortic smooth muscle cells (23) . After cellular fractionation of the L6 cells, ϳ32.8 Ϯ 2.5 and 63.5 Ϯ 9.5% of radiolabeled methylglyoxal incorporated into the cells were found, respectively, in cytosolic and membrane fractions (data not shown). Interestingly, pretreatment of the cells with aminoguanidine (5 mmol/l), which reacts preferentially with dicarbonyl AGE precursors such as methylglyoxal and prevents modification of proteins by this dicarbonyl compound (24) , reduced the incorporation of radiolabeled methylglyoxal into the cells (1.4 Ϯ 0.2%) (data not shown). Effects of methylglyoxal treatment on viability of L6 cells. Methylglyoxal has been shown to be toxic to cultured cells through the induction of ROS-mediated apoptosis (25) (26) (27) . However, this cytotoxicity is usually observed after a long exposure (after 4 -24 h) of cells to methylglyoxal (26, 27) . To test whether the concentration of methylglyoxal and the exposure times used in this study have toxic effects on L6 cells, we measured the following three parameters summarized in Table 1 : 1) The percentage of necrotic cells based on the measurement of lactate dehydrogenase activity in the incubation media at the beginning and end of all methylglyoxal incubations. The necrotic cell population remained at a very low level and did not increase significantly when the cells were treated for 1 h with 2.5 mmol/l methylglyoxal.
2) The methylglyoxal-induced apoptosis by the determination of the caspase activity. No significant increase in caspase activity was observed in the methylglyoxal-treated cells.
3) The viability of cells after treatment with methylglyoxal assessed by the MTT assay. The results obtained demonstrate that the viability was found to be equal to that seen in non-methylglyoxal-treated cells. To summarize, within 1 h treatment and at concentrations up to 2.5 mmol/l, methylglyoxal does not appear to have detectable deleterious effects on the viability of L6 cells. Similar resistance to cytotoxic effects of methylglyoxal has been described for isolated rat hepatocytes (28) and the human immortalized endothelial ECV304 cell line (29) . Insulin signaling is inhibited in short-term methylglyoxal-exposed cells. Insulin-resistant states are associated with altered glucose metabolism in muscle cells (30) . To determine whether methylglyoxal could induce such alterations in L6 cells, we studied the effects of preincubation with 0.5-2.5 mmol/l methylglyoxal on glucose transport. In cells not treated with methylglyoxal, insulin induced a 2.3-fold increase in 2-deoxy-D-glucose uptake. Methylglyoxal decreased insulin-stimulated glucose uptake in a dose-dependent manner without affecting basal glucose uptake ( Fig. 2A) . To study the time course of the methylglyoxal-induced inhibition of glucose transport, cells were preincubated with 2.5 mmol/l methylglyoxal for up to 30 min and, after insulin stimulation, glucose uptake was measured. As shown in Fig. 2B , in the presence of methylglyoxal, insulin-induced glucose transport was progressively inhibited, and maximal inhibition was seen after 30 min of incubation. Interestingly, this inhibition of insulin-induced glucose transport was prevented when the cells were pretreated with aminoguanidine, a nucleophilic agent which, via its two aminogroups (hydrazine and guanidine), acts as reactive scavenger of ␣-ketoaldehyde glycating agents such as methylglyoxal, glyoxal, or 3-deoxyglucosone. Methylglyoxal has been described to induce ROS production (25) (26) (27) . To determine whether reactive oxygen intermediates are potentially involved in inhibition of insulin-stimulated glucose transport, the cells were pretreated with the oxidative stress inhibitor PDTC, which counteracts the oxygen free radical effects. As shown in Fig. 2A , PDTC addition did not block the deleterious effect of methylglyoxal on insulin-stimulated glucose transport.
To investigate the mechanisms underlying this inhibition of insulin-stimulated glucose transport, the early molecular events in insulin signaling were compared in absence and presence of methylglyoxal. To study the insulin receptor modifications, L6 cells were treated with 5 mmol/l methylglyoxal for 30 min and with 2.5 mmol/l methylglyoxal for various periods of time (up to 30 min) to analyze the intracellular protein modifications. Thereafter, the cells were exposed to insulin for 10 min. Cell lysates were prepared, insulin receptor and IRS-1 proteins were immunoprecipitated with the corresponding specific antibodies, and the tyrosine phosphorylation status analyzed by Western blotting. Methylglyoxal treatment (up to 5 mmol/l) did not impair the ability of insulin to stimulate its receptor autophosphorylation (Fig. 3A) . On the contrary, insulin-dependent IRS-1 tyrosine phosphorylation was severely reduced in cells preincubated with methylglyoxal. Indeed, methylglyoxal action on IRS-1 phosphorylation resulted in a progressive decrease in insulin-stimulated phosphorylation over time, with maximum inhibition (approximately threefold) reached within 30 min of methylglyoxal exposure. Quantification of the total IRS-1 protein levels revealed that the methylglyoxal-induced decrease in tyrosine phosphorylation of IRS-1 did not result from a reduction in this protein, as no significant differences in protein levels were observed in the methylglyoxal-treated group as compared with the untreated group. Further, this decreased IRS-1 tyrosine phosphorylation was also not due to an alteration of insulin receptor activation ( Fig. 3B  and C) . A similar reduction in IRS-2 tyrosine phosphorylation was observed in the methylglyoxal-treated cells (data not shown). Recent studies have reported that serine phosphorylation of IRS-1 is a possible mechanism involved in the decrease in insulin-induced IRS-1 tyrosine phosphorylation (31) . To determine whether the serine phosphorylation of IRS-1 was increased after methylglyoxal-exposure, L6 cells were treated with or without 2.5 mmol/l methylglyoxal for 30 min before insulin stimulation, and IRS-1 was immunopurified and immunoblotted with an antibody to phosphoserine. As shown in Fig. 3D , in response to methylglyoxal, no difference in mobility of IRS-1, characteristic of an increase in its serine/threonine phosphorylation, was observed. Immunoblotting with an antibody to phosphoserine confirms the lack of serine phosphorylation on IRS-1 in the methylglyoxal-treated cells. Taken together, these results indicate that methylglyoxal does not increase the serine phosphorylation of IRS-1. Similar results were obtained with IRS-2 in the methylglyoxaltreated cells (data not shown). As PI3K is known to be involved in mediating insulin-stimulated glucose uptake in muscle cells, we determined the PI3K activity in IRS-1 immune complexes. As expected, insulin induced a 2.7-fold increase in IRS-1-associated PI3K activity in control cells. However, the stimulatory action of insulin on PI3K activity was virtually abolished when cells were pretreated for 30 min with methylglyoxal. Importantly, IRS-1-associated PI3K activity was not affected by exposure to methylglyoxal when the L6 cells were preincubated with aminoguanidine (Fig. 3E) .
To determine whether the methylglyoxal-inhibitory effects on PI3K are a consequence of an alteration in the association or activation of the lipid kinase, the levels of the regulatory ␣ p85 subunit of PI3K in IRS-1 immunoprecipitates were determined in cells treated or not with different concentrations of methylglyoxal for 30 min. In the absence of methylglyoxal treatment, insulin induced a marked increase in p85 levels coimmunoprecipitated with IRS-1 (ϳ6.5-fold the unstimulated level), and this was associated with the insulin-stimulation of IRS-tyrosine phosphorylation. In the presence of methylglyoxal, the levels of insulin-stimulated IRS-1 tyrosine phosphorylation decreased in a dose-dependent manner. Importantly, when proteins immunoprecipitated with antibodies to IRS-1 were analyzed by Western blot with antibodies to p85, we found that in addition, methylglyoxal was reduced in a dose-dependent manner the PI3K-IRS-1 association. This decrease becomes pronounced at 0.5 mmol/l methylglyoxal (ϳ4.5-fold the unstimulated level), while the maximum inhibition is reached at 2.5 mmol/l methylglyoxal leading to an almost complete inhibition (Fig. 4A-C) . Importantly, the reduced phosphorylation of IRS-1 and IRS-1-p85 interaction were not associated with changes in expression levels of the proteins involved ( Fig. 4A and D) . Finally, note that this decrease in PI3K-IRS association explains the loss of the stimulatory action of PI3K activity in cells treated with 2.5 mmol/l methylglyoxal for 30 min (Fig. 3E) .
To evaluate whether the inhibition of insulin-dependent IRS-1 tyrosine phosphorylation was associated with alterations in downstream signaling, the phosphorylation states of PKB, ERK1 (p44), and ERK2 (p42) were analyzed. Methylglyoxal treatment of L6 cells induced a dose-dependent inhibition of insulin-stimulated phosphorylation of PKB on Ser 473 (Fig. 5A) . The stimulatory action of insulin on phosphorylation of PKB on Ser 473 and Thr 308 was virtually completely inhibited after treatment of the cells with 0.5 mmol/l methylglyoxal for 30 min. A progressive decrease in insulin-stimulated phosphorylation of PKB over time was observed, resulting in significant inhibition after 10 min and maximum inhibition after 30 min incubation with 2.5 mmol/l methylglyoxal (Fig. 5B) . Note that the inhibition of the phosphorylation of PKB on serine and threonine is prevented when aminoguanidine is added before and during the incubations with methylglyoxal (Fig.  5B) .
To determine whether methylglyoxal could induce alterations in the phosphorylation of ERK1/2, the effects of preincubation for 30 min with 0 -2.5 mmol/l methylglyoxal on ERK1/2 phosphorylation were studied. The basal phosphorylation level of ERK1/2 was relatively high in the untreated control cells (Fig. 5A and B) . After 30 min methylglyoxal treatment, a dose-dependent modification in ERK1/2 phosphorylation occurred, and levels of insulinunstimulated phosphorylated ERK1/2 were significantly increased by treatment with 1 mmol/l or 2.5 mmol/l of methylglyoxal in L6 cells (Fig. 5A) . To study the time course for methylglyoxal-induced changes in ERK1/2 phosphorylation, cells were preincubated with 2.5 mmol/l methylglyoxal for 10 or 30 min and then stimulated or not with insulin for 10 min. In unstimulated cells, the basal phosphorylation level of ERK1/2, which is not modified after 10 min incubation with methylglyoxal, was significantly increased by ϳ1.5-fold upon methylglyoxal incubation for 30 min (increase significant at the P Ͻ 0.01 level). This methylglyoxal-induced phosphorylation of ERK1/2 is prevented if the cells are pretreated with aminoguanidine (Fig. 5B) . Data presented in Fig. 5B and C show that the insulin-stimulated phosphorylation of ERK1/2 was significantly increased (ϳ1.26-fold the insulin-stimulated control) after 10 min of methylglyoxal treatment (P Ͻ 0.05) but decreased within 30 min of methylglyoxal exposure (0.38 Ϯ 0.05% of the insulin-stimulated control). Quantification of total ERK1/2 proteins indicated that the methylglyoxal-induced effects on phosphorylation of ERK1/2 did not result from a reduction in these proteins.
Recently, ERK1/2 have been implicated in the downregulation of insulin signaling (32, 33) . To evaluate the role of ERK1/2 on the methylglyoxal-induced inhibition of the insulin action, a kinase inhibitor or aminoguanidine were added in the incubation medium before and during the incubation with 2.5 mmol/l methylglyoxal. Incubation of cells with PD98059, a selective inhibitor of MEK1, for 30 min before methylglyoxal treatment resulted in complete inhibition of ERK1/2 phosphorylation. The methylglyoxal effects on phosphorylation of ERK1/2 can be prevented when aminoguanidine is added before and during the incubation with methylglyoxal ( Fig. 6A and B) . Importantly, unlike PD98059 inhibitor, aminoguanidine prevents the methylglyoxal-induced inhibition of PKB phosphorylation (Fig. 6C) . Taken together, these results demonstrate that the inhibition of PKB phosphorylation, observed after methylglyoxal addition, is independent of the ERK1/2 pathway. Specificity of methylglyoxal effects on the insulininduced signaling pathways. Methylglyoxal has been shown to be toxic to cultured cells through the induction of ROS production (25) (26) (27) . In addition, previous studies in 3T3-L1 adipocytes and Fao rat hepatoma cells have demonstrated that oxidative stress could induce concomitantly metabolic insulin resistance and increase IRS-1 degradation (34) . To investigate whether the alterations observed on the early molecular events in insulin signaling are the consequence of an increase in ROS production, intracellular ROS levels were measured before and after treatment of cells by methylglyoxal. As shown in Fig. 7A , treatment of L6 cells with methylglyoxal induces a time-and dosedependent production of ROS, which was prevented when cells were treated with aminoguanidine, a blocker of carbonyl groups, or with the antioxidant PDTC.
In our attempt to characterize the implications of methylglyoxal-induced ROS production in the alterations of insulin signaling pathways, we performed experiments in the presence of the antioxidants N-acetylcysteine (20 mol/l), PDTC (200 mol/l), and diphenyleneiodonium (100 mol/ l), a flavoprotein inhibitor. In unstimulated cells, these antioxidant compounds, added 30 min before and together with 2.5 mmol/l methylglyoxal, partially prevented the methylglyoxal-increased ERK1/2 phosphorylation. Note that in presence of aminoguanidine, ERK1/2 were phosphorylated by methylglyoxal treatment to a much lesser extent ( Fig. 7B and C) . Taken together, these results suggest that methylglyoxal induces ERK1/2 phosphorylation through ROS generation. The reduction of methylglyoxal action in presence of aminoguanidine is likely to be due to scavenging of methylglyoxal by aminoguanidine. Importantly, the coincubation with these antioxidant compounds had no significant protective action on the methylglyoxal-induced inhibition of PKB phosphorylation (Fig.  7D ). These results demonstrate that the inhibition of PKB phosphorylation, observed after methylglyoxal addition, is independent of methylglyoxal-induced ROS production. Fig. 3 . Thereafter, the cells were solubilized and the cell extracts were subjected to immunoprecipitation with antibodies to IRS-1 and then the precipitates analyzed by SDS-PAGE under reducing conditions followed by blotting with antibodies to phosphotyrosine (pTyr), p85, and IRS-1 (A). B and C: Results of densitometric analyses of three independent experiments. f, unstimulated conditions; Ⅺ stimulated conditions (**P < 0.01; ***P < 0.01). Aliquots of lysates were also immunoblotted for p85 (D).
FIG. 4. Dose-dependent effects of methylglyoxal (MG) on insulin-stimulated phosphorylation of IRS-1 and IRS-1/p85 association in L6 cells. L6 cells were treated as described in
Formation of methylglyoxal-protein adducts. Methylglyoxal is a highly reactive compound capable of interfering with basic amino acids on intracellular proteins, thus affecting their structure and function (14) . To investigate whether methylglyoxal interacts directly with basic amino acids of IRS proteins, the titration of free reactive amino groups was performed using the amine-reactive probe [H 3 ]SP (22) . As shown in Fig. 8 , methylglyoxal induces a pronounced reduction (ϳ50%) in the content of free amino groups on IRS proteins. These results suggest that preincubation of L6 cells with methylglyoxal induces the formation of methylglyoxal-IRS protein adducts. Aminoguanidine is known to prevent protein modifications by dicarbonyl compounds such as methylglyoxal (24) . Therefore we investigated whether pretreatment of the cells with aminoguanidine hampers methylglyoxal-IRS adduct formation and thereby restores insulin-dependent signaling pathways. Indeed, preincubation of cells with aminoguanidine, before and during treatment with methylglyoxal, results in an increase in free reactive amino groups (Fig.  8) . In addition to preserving free reactive amino groups, aminoguanidine prevents the inhibition of insulin-stimulated glucose transport ( Fig. 2A and B) , insulin-induced phosphorylation of ERK1/2, and of PKB (Fig. 6A-C) when the cells are incubated for a short period with methylglyoxal. In contrast, no modification of free reactive amino groups was observed when the cells are cotreated with PDTC/methylglyoxal (Fig. 8) . Consistent with this lack of modification, no protective action was observed in insulinstimulated glucose transport ( Fig. 2A and B) and in insulin-stimulated phosphorylation of ERK 1/2 and PKB ( Fig. 7A-C) . To summarize, our results confirm that the alterations in insulin-stimulated signaling pathways are not the consequence of a general methylglyoxal-induced oxidative stress or cytotoxicity and suggest that the inhibitory actions exerted by methylglyoxal in insulin signaling are essentially related to modifications at the level of IRS proteins. Consistent with this view, these inhibitory effects of methylglyoxal can be prevented by aminoguanidine.
DISCUSSION
Insulin-stimulated signaling pathways are implicated in a multitude of cellular events controling cell metabolism, growth, and differentiation. Impairment of the hormone's metabolic actions leads to insulin resistance, which is associated with several disease states such as diabetes, obesity, and atherosclerosis. A general consensus exists concerning the correlation between chronic hyperglycemia and the development of diabetic microvascular complications involved in retinopathy, nephropathy, and neuropathy (6,7). Hyperglycemia-induced tissue damage likely results from reciprocally interacting disease processes, one of which has been suggested to be the formation of AGEs. Over the last years, emerging evidence has highlighted the important role of reactive dicarbonyl AGE precursors, such as methylglyoxal, in the formation of AGEs, which in turn lead to diabetes complications (6, 8) . Despite the recognized implications of AGEs in generation of tissue damage in diabetes, to the best of our knowledge, no studies have been published concerning the possible impact of intracellular dicarbonyl AGE precursors on insulin resistance. Our present work shows, for the first time, that in cultured L6 skeletal muscle cells, methylglyoxal treatment affects insulin action. Indeed, a short exposure to methylglyoxal induces a dose-dependent inhibition of insulin-stimulated glucose transport in these cells.
Methylglyoxal formation is accelerated in conditions associated with hyperglycemia (13, 35) , and plasma methylglyoxal may be highly elevated, reaching ϳ0.4 mmol/l in poorly controlled type 2 diabetic patients (36) . In physiological conditions, methylglyoxal is formed from dihydroxyacetone phosphate during glycolysis. Therefore, the intracellular methylglyoxal concentration is generally thought to be higher than its circulating levels. Indeed, the methylglyoxal level in rat aortic tissue has been reported to be about sixfold higher than in plasma (37) . The intracellular concentration of methylglyoxal (free and bound) in Chinese hamster ovary cells (CHO cells) was found to be ϳ0.3 mmol/l (38) . Considering that only a few percent (ϳ3%) of the exogenously added methylglyoxal was taken up by our cultured L6 cells (Fig. 1) , the estimated cellular concentrations of methylglyoxal implicated in the present experiments are likely to be close to the methylglyoxal levels observed in human pathological conditions (36) . Moreover, the methylglyoxal concentrations utilized in our experiments have previously been used by several investigators to study the biological effects of this dicarbonyl compound (29,39 -42) , and they are lower than those used in vitro for physiological range AGEs production (43, 44) .
Methylglyoxal is known to interact with several cellular proteins and nucleic acids, thereby leading to cytotoxic effects (25, 45) . The cytotoxic action occurs mainly through the induction of ROS, and methylglyoxal can increase oxidative stress by inactivating glutathion reductase (46) . Therefore, the alterations in insulin-stimulated signaling pathways that we observed after methylglyoxal treatment could be due to the molecular modifications induced by methylglyoxal and to the consequences of ROS production and/or methylglyoxal cytotoxicity. However, at the concentration used and over the timeframe of our experiments, no significant cytotoxic, necrotic, or apoptotic events attributable to methylglyoxal were found (Table 1) . These results are in agreement with the observations previously described in isolated rat hepatocytes (28) and in human endothelial ECV304 cells (29) treated with methylglyoxal in the same concentration range.
Short exposure of L6 cells to methylglyoxal has no effect on the insulin receptor protein level or on the insulininduced receptor tyrosine phosphorylation. This differs from the action of methylglyoxal on the epidermal growth factor (EGF) receptor in human endothelial ECV304 cells.
The EGF receptor constitutes a direct target for methylglyoxal, which promotes a time-and dose-dependent inhibition of EGF signaling (29) . For the deleterious action of methylglyoxal on the insulin signaling pathway, the decrease in tyrosine-phosphorylated IRS proteins was not due to impaired IRS synthesis/degradation as, after this short methylglyoxal treatment, IRS-1 protein levels were unchanged. Further, the reduction in IRS-1 tyrosine phosphorylation is not likely to be due to increased tyrosine dephosphorylation, as previous studies have reported a strong inhibition of phosphotyrosine phosphatases by ␣-ketoaldehydes (29, 47) . The decrease in insulin-stimulated phosphorylation of IRS-1 and IRS-2 (data not shown) on tyrosine was associated with a reduction in p85-IRS-1 association, PI3K activity, PKB activation, and hormone stimulation of glucose transport. All of these biological responses are prevented only by preincubating the cells with aminoguanidine, a blocker of carbonyl groups. After having established that methylglyoxal leads to impaired insulin signaling and glucose transport in L6 muscle cells, we examined the mechanisms by which this ␣-ketoaldehyde could act. Treatment of the L6 cells with 2.5 mmol/l methylglyoxal for 30 min induces ROS production that is blocked by the antioxidant PDTC. This ROS production is also prevented by aminoguanidine, which actually scavenges methylglyoxal and by doing so blocks its action. Using antioxidants, we were able to show that the stimulating action of methylglyoxal on ERK1/2 is due to ROS production. In contrast, no reversion of the methylglyoxalinduced inhibition of insulin-stimulated PKB phosphorylation was observed with the different antioxidants. Importantly, aminoguanidine blocks the effects of methylglyoxal on the insulin-stimulated signaling pathways, i.e., blockade of PKB phosphorylation and glucose transport. Taken together, our results provide evidence that methylglyoxal-induced impaired insulin signaling is not the consequence of increased ROS production.
Our demonstration that methylglyoxal binds directly to IRS molecules supports the idea that the deleterious effects of methylglyoxal are due to a conformational change affecting the docking function of IRS proteins. Such a scenario could indeed explain the reduced association between PI3K and IRS that we observed. The blocking effects of aminoguanidine on these methylglyoxalproduced alterations are likely to be due to the chemical trapping of methylglyoxal. Our interpretation is in line with recent works reporting that dicarbonyl compounds, such as methylglyoxal, easily react with intracellular proteins resulting in intracellular AGE formation, which is associated with alterations of protein structure and function (48, 49) . By doing so, methylglyoxal affects cellular responses (46, 49) . It should be mentioned that it is likely that methylglyoxal interferes with additional actors in the insulin signaling pathway. However, IRS could be somehow a preferential target as it is a rather large protein with a slow turnover rate (50) .
Serine phosphorylation of IRS proteins is a well-documented mechanism leading to the reduced function of these docking proteins (31) . Our data do not support a role for such a mechanism in the deleterious action of methylglyoxal on insulin signaling, as we did not find increased serine phosphorylation of either IRS-1 or IRS-2 (data not shown). It should be mentioned that these data imply that the binding of methylglyoxal does not transform the IRS proteins in such a way that their phosphorylation by serine kinases is facilitated. This could have explained how the ERK1/2 are among several kinases that have been shown to phosphorylate IRS (32, 33) and are activated by ROS. However, ERK1/2 are not responsible for methylglyoxal's inhibitory effects, as we have shown that pretreatment of the L6 cells with the MEK1 inhibitor, PD98059, blocks ERK1/2 activation by methylglyoxal but does not reverse the methylglyoxal-induced inhibition of insulin-stimulated PKB phosphorylation.
To conclude, the methylglyoxal-induced alterations of IRS-1 proteins could constitute a new concept of negative regulation of insulin signaling as they appear to be essentially based on chemical modifications of IRS proteins induced by a metabolite. Further, our present work, in combination with our previous findings demonstrating that AGEs conspicuously hamper insulin's metabolic effects (19) , strongly support the idea that glucose-derived products, initially thought to be involved solely in the generation of diabetes complications, also impinge in a significant fashion on insulin signaling. 
